Introduction {#s0001}
============

Monoclonal antibodies are well established as therapeutic agents for various diseases, including autoimmune and chronic inflammatory diseases.[@cit0001] In recent years, their potent efficacy and safety profiles made it possible to offer novel treatment options for rheumatoid arthritis (RA),[@cit0001] Crohn\'s disease,[@cit0001] ulcerative colitis,[@cit0003] multiple sclerosis,[@cit0001] and other autoimmune diseases.[@cit0001] Monoclonal antibodies against tumor necrosis factor, interleukin-6 receptor (IL-6R), CD20, and other targets are available as treatment of these autoimmune diseases,[@cit0001] and some patients receiving these therapeutics can achieve remission.

Generally, a lengthy half-life is an important property for therapeutic antibodies, especially for those used to treat chronic diseases. Whereas an antibody with a short half-life requires frequent or high-dose injections to achieve therapeutic efficacy, the frequency of administration or the dosage amount can be reduced if an antibody has a long half-life. Moreover, since a low dosage (e.g., less than 2 mg/kg) is generally required for single-site subcutaneous injection, a long-lasting antibody can offer treatments that are more convenient for both patients and medical staff.

Antibody engineering technologies have been developed to improve the half-life and the duration of target neutralization.[@cit0006] Both the Fab and Fc regions can be engineered to improve their pharmacokinetic properties. Fc engineering to increase the binding affinity to FcRn in endosomal condition (acidic pH) is an effective approach to prolonging the pharmacokinetics of monoclonal antibodies.[@cit0010] FcRn is a heterodimer of an α-chain and β-2-microglobulin (β2m),[@cit0015] and is known as a salvage receptor of IgG because it can bind to IgG at endosomal acidic pH and form a complex of FcRn/IgG that is recycled back from early endosome to the cell surface.[@cit0016] The binding affinity of IgG to FcRn is weak in the neutral pH of the extracellular condition, so IgG dissociates from FcRn and is released into plasma.[@cit0017] Therefore, the length of the half-life of IgG depends on its binding affinity to FcRn in the endosome. Previous studies have demonstrated that Fc engineering to increase the binding affinity to FcRn at acidic pH improved the endosomal recycling efficiency and prolonged the pharmacokinetics of the antibody. For example, M252Y/S254T/T256E (YTE),[@cit0010] M428L/N434S (LS),[@cit0011] and N434H[@cit0012] variants improved the half-life relative to wild-type human IgG1 in human-FcRn transgenic mouse, cynomolgus monkey, or human. While conventional IgG1 antibodies have a half-life of ∼2--3 weeks in human, the YTE variant of the anti-RSV IgG1 antibody has demonstrated a strikingly long half-life of 70--100 d in human.[@cit0014] Such mutations to increase FcRn binding are located in the CH2-CH3 interface region, which is the binding site for FcRn. The advantage of such Fc engineering is that it can be easily applied to various antibodies by simply introducing these mutation(s) into its Fc.

On the other hand, the pharmacokinetics are also known to be influenced by the amino acid sequence of the variable region, and an antibody with a lower isoelectric point (pI) has been shown to have a longer half-life; therefore, lowering the pI by engineering the variable region could reduce the non-specific clearance of an IgG antibody and improve its pharmacokinetics.[@cit0006] Moreover, a novel modality, called recycling antibody, has been developed to improve the duration of target neutralization. An antibody with pH- or calcium-dependent binding to an antigen binds strongly in plasma (neutral pH, high calcium ion condition), but weakly in the endosome (acidic pH, low calcium ion condition), and thus can dissociate from the antigen in the endosome. Such a recycling antibody can bind and neutralize the antigen repeatedly, thereby prolonging the duration of target neutralization.[@cit0008] In addition, a sweeping antibody, which was generated by combining a recycling antibody with a mutated Fc to increase the binding affinity to FcRn or Fc gamma receptor IIB (FcγRIIB) in the extracellular condition, both prolongs the duration of target neutralization and also actively eliminates the soluble antigen from circulation.[@cit0009] Our previous reports of sweeping antibodies with improved binding to FcRn[@cit0009] and FcγRIIB[@cit0020] have demonstrated that they can reduce accumulation of soluble antigen by more than 100-fold compared with a conventional antibody that has a non--pH-dependent antigen-binding Fab and intact Fc. Sweeping antibody technology allows the antibody to target soluble antigens with high plasma concentration or high turnover that a conventional antibody cannot target.

Rheumatoid factor (RF) is an autoantibody that binds to the Fc portion of human IgG. RFs are frequently detected in patients with RA or other autoimmune diseases, but are also observed in patients with non-rheumatic conditions and even in healthy subjects.[@cit0021] Although their detailed function still remains uncertain, it was suggested that RFs are likely to play an important role in the host defense against infection in normal people, where RFs can contribute to the formation and clearance of an immune complex (IC) derived from an anti-pathogen antibody, and RF-positive B-cells can promote an anti-pathogen response through the antigen presentation mechanism. However, when such RF responses occur excessively, they may cause autoimmune diseases.[@cit0022]

Recently, it was reported that a humanized anti-CD4 IgG1 antibody with the N434H mutation, which was introduced to prolong the half-life by enhancing FcRn binding, elicited significant RF binding.[@cit0024] Detailed study has confirmed that the N434H mutation unexpectedly increased the binding of RF to the Fc region of the antibody compared with the parent human IgG1. Such RF binding to the therapeutic antibody may have an effect on pharmacokinetics, as well as antibody immunogenicity, because the interaction with RF can cause cellular uptake by antigen-presenting cells (APCs) and may induce an immune response against the antibody. Therefore, increased RF binding to engineered Fc, such as human IgG1 with the N434H mutation, could cause various issues, especially when the antibody is used to treat autoimmune diseases. Although the position of the epitope in RF clones may vary, it generally seems to be located at the CH2-CH3 interface region, which could overlap with the FcRn binding site.[@cit0025] Since the N434H mutation is located in the CH2-CH3 interface, it seems reasonable that the mutation altered the binding affinity to some of the RF clones. To date, increased RF binding to Fc with enhanced binding to FcRn has only been reported for the N434H mutation, and it is not known whether other previously reported Fc variants with enhanced FcRn binding also have increased RF binding.

In this study, we first show that not only N434H but also YTE and LS variants have increased binding to RF derived from patients with RA. Second, we identified specific mutations that can be incorporated into N434H, YTE, or LS variants so that the increase in RF binding caused by these mutations can be significantly reduced. Third, we have identified a novel Fc variant with optimized binding affinity to FcRn that does not have increased binding affinity to RF and demonstrated its significantly improved half-life in cynomolgus monkey. Fourth, we have also identified novel Fc variants without RF binding for use in a sweeping antibody that can actively eliminate plasma antigen.

Results {#s0002}
=======

RF binding to Fc variants with enhanced FcRn binding {#s0002-0001}
----------------------------------------------------

First, we selected YTE, LS, and N434H variants to evaluate the RF binding because they had already been tested in clinical studies. We prepared test antibodies with the reported Fc variants and evaluated their binding affinity to human FcRn (hFcRn). Consistent with previous reports, they showed increased hFcRn binding at acidic pH compared with intact human IgG1 (Table S1). To evaluate the binding property of these variants to RFs, we set up an assay by referring to the method established by Araujo *et al.*[@cit0024] We applied an electrochemiluminescence (ECL) immunoassay system, which is commonly used to detect anti-drug antibody (ADA), and optimized the assay condition to detect the RF binding to the test antibody with high sensitivity. As a source of RF, we used serum samples from 15 RA patients. We were able to reproduce the previous study that showed the N434H variant has RF binding in some donors (4 out of 15 patients). Interestingly, we found that both the YTE and LS variants also showed an increased response in some donors ([Fig. 1](#f0001){ref-type="fig"} and Fig. S1), although the response was less frequent compared with N434H (out of 15 patients, one for YTE and 3 for LS). In contrast, serum samples from healthy donors did not show any significant response for any of the variants tested (data not shown). Therefore, only an average value for 14 healthy donors is shown in each figure. Table 1.Dissociation constants (K~D~) for binding of the novel Fc variants to human and cynomolgus monkey FcRn at pH 6.0.  hFcRn K~D~cFcRn K~D~ Mutations(nM)(nM)IgG1 12001400ACT1N434A/Y436T/Q438R/S440E330420ACT2N434A/Y436V/Q438R/S440E260350ACT3M428L/N434A/Y436T/Q438R/S440E100130ACT4M428L/N434A/Y436V/Q438R/S440E97120ACT5M428L/N434A/Q438R/S440E120150 Figure 1.Dot plots and statistical significance in RF binding assay for variants with (a) YTE, (b) N434H, and (c) LS. Each individual response of healthy donors and RA patients is shown with median and interquartile range (+/− IQR).

Identification of the Q438R/S440E mutation to reduce RF binding {#s0002-0002}
---------------------------------------------------------------

The structures of complexes of human Fc/RF (PDB ID. 1ADQ)[@cit0027] and rat Fc/FcRn (PDB ID: 1FRT)[@cit0028] are available from the Protein Data Bank and are shown in [Fig. 2a](#f0002){ref-type="fig"} and [2b](#f0002){ref-type="fig"}, respectively. In addition, residues of M252, S254, T256 (included in YTE), M428 (LS), and N434 (LS and N434H) are shown as sticks in the Fc/RF ([Fig. 2c](#f0002){ref-type="fig"}) and Fc/FcRn ([Fig. 2d](#f0002){ref-type="fig"}) structures. These figures were generated using PyMOL (Schrödinger, LLC).[@cit0029] The structures indicate that the mutations to enhance the FcRn binding affinity are located in the FcRn binding site in the Fc structure, and importantly, they are also located in the epitope of the RF, which is recognized by the heavy chain complementarity-determining regions (CDRs) of the RF Fab. Thus, it can be assumed that the mutations to enhance FcRn may affect the binding of RF and inadvertently increase the binding affinity of specific RF clones. Figure 2.Complex structures of (a) CH2 and CH3 domains of Fc (green) with RF heavy chain (light blue) and light chain (purple), and of (b) CH2 and CH3 domains of Fc (green) with FcRn α chain (yellow) and β-2-microgloblin (red). Enlarged figures of (a) and (b) are shown as (c) and (d), respectively, and the positions mutated to enhance FcRn binding (252, 254, 256, 428 and 434) are shown as orange sticks.

To counteract the increased RF binding of these Fc variants, we took a mutagenesis approach to the Fc region. As shown in [Fig. 2a](#f0002){ref-type="fig"}, the RF heavy chain recognizes the CH2-CH3 interface in the Fc, while the light chain recognizes the CH3 domain. Positions 438 and 440 (numbered according to the EU index), which are far from the FcRn-binding site, seem to be especially important for the interaction with the RF light chain. Therefore, we assumed that mutagenesis at position 438 or 440 could alter the binding profile against RF without affecting FcRn binding. We introduced Q438R/S440E (RE) mutations into the YTE, LS, and N434H variants. As expected, these new variants showed similar binding affinity to human FcRn compared with the original variants (Table S1). Next, we performed a RF binding assay on the Fc variants with RE mutations. While the YTE variant showed a strong response in one donor, \#12 (Fig. S1b), this response was completely reduced by RE mutations (Fig. S1e). For the LS variant, RE mutations reduced the response in donor \#11, increased it in \#3, and left it the same in \#12 (Fig. S1c vs. 1f). N434H variants showed a clear effect in several patients (\#7, \#11 and \#12), while RE mutations increased the binding in patient \#3 (Fig. S1d vs 1g). These results suggest that RE mutations can alter the RF binding property without compromising FcRn binding affinity.

Identification of other mutations to reduce RF binding {#s0002-0003}
------------------------------------------------------

RE mutations clearly reduced RF binding in the YTE and N434H variants, but the effect was less clear in the LS variant. Therefore, we next focused on the Y436 residue, which is also located at the interaction site with the RF molecule, as shown in [Fig. 3a](#f0003){ref-type="fig"}. We found that a single Y436T mutation in the LS variant could effectively reduce the RF binding in multiple donors (\#3, \#11 and \#12) (Fig. S1c vs 1h) while the binding affinity against hFcRn was maintained (Table S1). Furthermore, we tested another approach to reducing the RF binding of the LS variant by introducing an S424N mutation onto the LS variant so as to create an additional N-linked glycosylation site (NxS sequence) at position 424 to 426, which is also a RF binding site. The S424N variant was produced by HEK293 cells, and SDS-PAGE analysis suggested that Asn introduced at position 424 was successfully glycosylated (data not shown). Results of the RF binding of the S424N variant are shown in Fig. S1i. As expected, there was no response of RF binding, which shows that the additional N-linked glycosylation at position 424 could significantly reduce the increased RF binding of the LS variant. Figure 3.Enlarged complex structures of (a) Fc and RF, (b) Fc and FcRn, and (c) Fc and Protein A. In each figure, the positions mutated to enhance FcRn binding (252, 254, 256, 428, and 434) are shown as orange sticks, and those to reduce RF binding (424, 436, 438, and 440) are shown as blue sticks. The colors of ribbons are the same as in [Fig. 2](#f0002){ref-type="fig"}. The blue sticks interact with the light chain of RF but not with FcRn or protein A. Surface figures of each complex structure are shown in (d), (e), and (f). The colors of the molecular surface are the same in as the ribbon structures. The blue regions, which indicate the positions mutated to reduce RF binding, are exposed to the molecular surface in (e) and (f), but not in (d).

[Fig. 1](#f0001){ref-type="fig"} displays RF binding response for each individual as dot plots with median and interquartile range (+/− IQR). The medians in healthy donor and RA patient samples showed similar tendency that YTE, N434H, and LS variants showed the increased RF binding compared with intact human IgG1 while RE mutation, Y436T, and S424N reduced their increased RF binding. For healthy donor samples, although the overall binding responses were smaller than that of RA patients, YTE, N434H, and LS variants increased the response compared with intact human IgG1 while RE mutation, Y436T, and S424N reduced their increased RF binding with a statistical significance ([Fig. 1a--c](#f0001){ref-type="fig"}). For RA patient samples, LS with Y436T and S424N showed statistically significant reduction of RF binding compared with LS ([Fig. 1c](#f0001){ref-type="fig"}). However, although tendency toward reduction of RF binding by RE mutation was observed for YTE, N434H and LS, the effect was not statistically significant due to large variation among individuals. As a result, 4 mutations---S424N, Y436T, Q438R, and S440E---were obtained to reduce the RF binding that was increased by the YTE, N434H, and LS mutations. The position of these mutations in the structure are described in [Fig 3](#f0003){ref-type="fig"}.

Generation of novel Fc variants with prolonged half-life and without increased RF binding {#s0002-0004}
-----------------------------------------------------------------------------------------

Novel Fc variants were then designed for prolonged half-life without increased RF binding compared with wild-type human IgG1. Since protein A or its variants are generally used for affinity purification in the manufacturing processes of IgG antibodies, the binding affinity to protein A should be maintained when we design novel Fc variants to allow for protein A purification. As shown in [Fig. 3](#f0003){ref-type="fig"}c, the interaction site of the Fc with protein A is also located in the CH2-CH3 interface region. On the other hand, the mutated positions for reducing RF binding are located far from the interaction site for protein A. We carefully designed novel Fc variants that had increased FcRn binding in acidic pH, but did not have increased RF binding or lose the ability to be purified by protein A. We identified which combinations of mutations were effective, and finally designed 5 novel Fc variants, ACT1 to ACT5 ([Table 1](#t0001){ref-type="table"}). These variants could be purified with the conventional protein A affinity column without any issue.

We evaluated the binding affinity to human and cynomolgus monkey FcRn. As shown in [Table 1](#t0001){ref-type="table"}, these variants showed increased binding affinity against both human and cynomolgus monkey FcRn. Next, we evaluated RF binding in these novel variants. In this study, we used plasma from 15 RA patients, and individual results are shown in [Fig. 4a](#f0004){ref-type="fig"} and Fig. S2. Surprisingly, all ACT1 to ACT5 variants showed even significantly lower RF binding than intact IgG1 (p\<0.01). Finally, we examined the pharmacokinetic profiles of these variants in cynomolgus monkey. Interestingly, they all showed an improved pharmacokinetic profile compared with intact IgG1 ([Fig. 4b](#f0004){ref-type="fig"} and Table S2). The half-life of these variants was improved by 2- to 4-fold over the intact IgG1 (11.9 days), and ACT3 showed a particularly remarkable long half-life (45.1 days). Figure 4.Novel Fc variants ACT1 to ACT5 (the ACT series). (a) Dot plots and statistical significance in RF binding assay for ACT variants. Each individual response of RA patients is shown with median and interquartile range (+/− IQR). Every ACT variant showed significant lower RF binding than intact IgG1 (p\<0.01). (b) Time course of plasma antibody concentration in a cynomolgus monkey pharmacokinetic study. Test antibodies have an Fc region of intact human IgG1 (hIgG1) or novel variants (ACT series). The data of several monkeys who showed rapid clearance of a test antibody and were suspected to develop ADA are excluded from the result.

Generation of novel Fc variants capable of antigen sweeping without increased RF binding {#s0002-0005}
----------------------------------------------------------------------------------------

As we reported previously, a sweeping antibody (i.e., an engineered monoclonal antibody with pH-dependent antigen binding and increased binding to FcRn at neutral pH) provides potential advantages over conventional antibodies by effectively eliminating soluble antigen from plasma.[@cit0009] However, we found that the Fc variants used as a sweeping antibody also increase RF binding. Fc variant v3, which is described in the previous report[@cit0009] and has M252Y/N434Y mutations, showed significant binding to RF (Fig. S3a). We examined the effect of RE mutations, and generated 2 variants, type A and B, with sweeping activity and reduced RF binding. As shown in Table S3, they have mutations for increasing the FcRn binding, reducing the FcγR binding (L235R/S239K), and also RE mutations. No RF binding was detected in these variants (Fig. S3b and c). Furthermore, we examined the *in vivo* sweeping efficacy of the variants in a hFcRn transgenic mouse steady-state model,[@cit0009] and found that they reduced the antigen concentration by 10-fold compared with intact human IgG1, while antibody pharmacokinetics were comparable to IgG1 (Fig. S3d and e).

Discussion {#s0003}
==========

In this study, we examined the RF binding of several Fc variants in which FcRn binding has been enhanced. Enhancing FcRn binding has 2 objectives: 1) elongating the half-life by improving the binding in acidic pH, and 2) acquiring a sweeping function by improving the binding at neutral pH. We found that RF binding is generally observed for such Fc variants, and is a potential risk for their clinical application in autoimmune diseases. We successfully developed a way to avoid the RF binding and, for the first time, generated novel Fc variants that have increased FcRn binding without increased RF binding. Furthermore, we revealed some findings about the interaction between RF and the mutated Fc.

We found that all the Fc variants with enhanced binding affinity to FcRn, including N434H, YTE, LS, and v3, showed increased binding to RF. On the other hand, mutations to modify the FcγR binding did not show increased RF binding (data not shown). These results indicate that increased RF binding is a general issue when inserting Fc mutations to enhance the FcRn binding. This may be because the epitope of RF is mainly located in the CH2-CH3 junction region,[@cit0025] where FcRn binds, and only a small number of RF can recognize the FcγR binding region.[@cit0030]

RF binding to a therapeutic antibody may be problematic for the immunogenicity and pharmacokinetics of the antibody. It is known that IC formation of a drug and an ADA can elicit a variety of downstream effects and further immunogenic responses.[@cit0034] A similar effect can be expected when the ADA is an RF. The complex of the therapeutic antibody and RF will be easily taken up into APCs, and a further immunogenic response against the therapeutic antibody may be elicited. In addition, such RF binding would interfere with the assessment of ADA in clinical development, because RF may be detected as a pre-existing ADA and complicate the ADA assessment.[@cit0024] Other reports suggest that RF could influence the efficacy or safety of therapeutics because RFs are reported to amplify the inflammatory response of macrophages[@cit0036] and to inhibit the effector function of rituximab.[@cit0037] Moreover, since RF binds the FcRn-binding site of the Fc, RF could inhibit FcRn-mediated recycling of the antibody.[@cit0038] Therefore, Fc variants in which FcRn binding has been enhanced to elongate the half-life or the sweeping activity would have risks in terms of efficacy and safety, and such risks should be minimized.

RFs are polyclonal autoantibodies against the Fc region of human IgG. Some RF clones can recognize the native structure of a therapeutic antibody that has wild-type human IgG, but some clones may incidentally have higher affinity to human IgG that has specific mutation(s). Since the former type of RF clones can also bind to endogenous human IgG (which has the same amino acid sequence as therapeutic IgG), the binding of these RF clones to a therapeutic antibody that has wild-type human IgG would be mostly inhibited by having to compete with the excess amount of endogenous human IgG present at much higher concentration in plasma. In such a case, RF would not cause any serious issues, such as an immune reaction caused by RF binding to the therapeutic antibody. On the other hand, the latter type of RFs recognize specific mutation(s) introduced in the therapeutic antibody, and could preferably bind to the therapeutic antibody with higher binding affinity than to wild-type human IgG. These RFs could cause an undesired immune reaction, increased ADA incidence, and enhanced clearance of the therapeutic antibody. Also, we found that not all serum samples from RA patients showed increased binding to the Fc variants. This indicates that some, but not all, RA patients have the latter type of RFs, which can bind to a therapeutic antibody with the mutations and may be problematic.

Our study demonstrated that there are RFs that can specifically recognize the mutated CH2-CH3 junction. Considering the nature of antibody diversity, these RFs should be polyclonal and would include a variety of CDR sequences and epitopes that recognize the mutated region. So it was quite surprising that just one or 2 additional mutations could substantially reduce the binding of polyclonal RF, and even RF from different RA patients. Although the exact nature of the interactions is not clear, there may be some specific recognition pattern of RF that binds to the mutated CH2-CH3 junction, and the mutations for reducing RF binding inhibited this recognition. Such RFs may be derived from specific germline sequences that have a similar structure to recognize the mutated Fc.

Duquerroy *et al.* reported the structure of a RF/Fc complex where the RF recognizes the C-terminal region of the CH3 domain, not the CH2-CH3 junction.[@cit0039] This RF can recognize an intact IgG Fc, but would not recognize the mutated residues used to enhance FcRn binding at the CH2-CH3 junction. Interestingly, however, RE mutations seem to inhibit the binding of this type of RF. Some RF binding data indicate that Fc variants with RE mutations often show less RF binding than intact IgG1. These results may suggest RE mutations could inhibit the binding of both types of RF: those that recognize the intact region and those that recognize the mutated region of the Fc.

RE mutations to reduce RF binding were obtained by screening Fc variants with mutations at positions 386, 387, 422, 424, 438, and 440, which are located in the RF-binding region and are distant from the FcRn-binding region. Variants were generated in which the positions were changed one at a time to Arg as a basic residue, Glu as an acidic residue, and Ser as a hydrophilic residue or to combinations thereof, and their binding to RF and FcRn evaluated. As a result, several variants showed reduced binding to RF and, interestingly, combinations of these mutations showed additive effects or synergistic effects. The combination of RE mutations selected as a result of these experiments was 438Arg and 440Glu. Furthermore, we revealed that 438Arg (basic residue) can be replaced by Lys (basic residue), but not by Glu (acidic residue). On the other hand, 440Glu can be replaced by Asp (acidic residue), but not by Arg. These results suggest that Fc recognition by an RF is mediated by specific charge interactions, and the reduced RF binding achieved by RE mutations is produced by charge-based repulsion between the Fc and RF.

N-linked glycosylation is known to bestow high solubility and a bulky structure compared with an amino acid side chain. We successfully introduced an artificial N-linked glycosylation site to eliminate RF binding. An engineered N-linked glycosylation site can be used not only to reduce RF binding, but also to avoid other unfavorable protein--protein interactions, and several cases of artificial N-linked glycosylation have been reported. For example, an additional N-linked glycosylation into the antibody CDR was able to improve the solubility without impairing the binding affinity to the antigen,[@cit0040] and another study reports that an additional N-glycosylation rescued the human LHb-subunit from aggregation.[@cit0041] Furthermore, it is known that N-glycosylation is closely related to immunogenicity and antigenicity of the glycoproteins, and it could positively or negatively affect its immunogenicity and antigenicity.[@cit0042] Our study also demonstrated that N-glycosylation can alter the antigenicity feature of Fc variants.

The novel engineered Fc ACT series, which has improved FcRn binding without increased RF binding, showed an extended pharmacokinetic profile in cynomolgus monkey, especially that of ACT3, which has a half-life of 45.1 d. The half-life in cynomolgus monkey of previously existing Fc variants with enhanced FcRn binding is 14.5 days,[@cit0017] 21.2 days,[@cit0010] 31.1 days,[@cit0011] 11.6 days,[@cit0047] 26.5 days,[@cit0048] and 24 d.[@cit0049] To the best of our knowledge, the ACT3 variant has the longest half-life in cynomolgus monkey, and importantly has significantly lower RF binding than intact IgG1 using RA patient samples (p\<0.01). This means that ACT variants could provide benefits to patients who have RFs by not only extending the half-life but also reducing RF binding to the level even lower than intact IgG1. The immunogenicity risk of the ACT series variants derived from non-natural mutation in the Fc domain was assessed by in silico analysis using EpiMatrix (EpiVax, Inc.)[@cit0050] and an in vitro Th cell assay,[@cit0051] and these studies confirmed that the ACT series variants have no increased risk of immunogenicity (data not shown). Also, we confirmed that RE mutations did not impair the stability of the antibody, and the ACT series variants maintained good physical properties and stability. These results support the view that the Fc variant ACT3 could be readily applicable as a therapeutic antibody for chronic autoimmune diseases that require long-term treatment.

We have previously reported that sweeping antibody technology, which can effectively eliminate soluble antigen from plasma, is an attractive approach for inhibiting a large amount of antigen using a small amount of antibody. The v3 variant with enhanced FcRn binding at neutral pH showed increased binding to RF, similarly to the N434H, LS, and YTE variants, but the RE mutations effectively eliminated the increased RF binding while showing the sweeping activity *in vivo*. In addition, the sweeping activity and the antibody pharmacokinetics of the novel Fc variants were consistent with our previous reports,[@cit0009] in which results for PH-v3 or v4 were similar to those of the novel variants. In this way we confirmed that the RE mutations did not impair the sweeping activity and antibody pharmacokinetics.

Our findings can be summarized as follows: First, all tested Fc variants with enhanced FcRn binding had increased RF binding. Second, several mutations were obtained that reduced the RF binding, despite the polyclonal feature of RF. Third, novel Fc variants without increased RF binding and considerably extended half-life were obtained. Fourth, novel Fc variants for sweeping antibody without increased RF binding were obtained. Based on our results, we conclude that Fc-engineered therapeutic antibodies without increased RF binding can play an important role in developing therapeutic antibodies for autoimmune diseases.

Materials and methods {#s0004}
=====================

Ethics statement {#s0004-0001}
----------------

Animal studies were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals at Chugai Pharmaceutical Co., Ltd. under the approval of the company\'s Institutional Animal Care and Use Committee. The company is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (<http://www.aaalac.org>).

The blood samples for RF binding assays were donated by 14 healthy Japanese volunteers after written informed consent was obtained, and the samples were anonymized. The use of human-derived test materials was approved by the Research Ethics Committee of Chugai Pharmaceutical Co., Ltd.

Generation of Fc variants and FcRn binding analysis {#s0004-0002}
---------------------------------------------------

Fc variants were generated by site-directed mutagenesis of a humanized monoclonal antibody with human IgG1 and kappa chain. Binding analyses of each of the antibodies for human or cynomolgus monkey FcRn were performed using Biacore T200 (GE Healthcare). To mimic the condition in the endosome, we used pH 6.0 for the analysis in acidic pH, and to reflect the condition in plasma, we used pH 7.0 for the neutral pH analysis instead of pH 7.3--7.4 because the binding of wild type IgG was too weak at pH 7.3--7.4.

An appropriate amount of Protein L (ACTIGEN) to give 2000--2500 RU was fixed onto Sensor chip CM4 (GE Healthcare) by the amine coupling method to capture the test antibodies. Next, a diluted FcRn solution (prepared in house) or a running buffer (used as a reference solution) was injected and the binding response to the test antibody was analyzed. For the running buffer, 50 mM sodium phosphate, 150 mM NaCl, and 0.05% (w/v) Tween 20 at pH 6.0 or pH 7.0 was used, and it was also used to dilute FcRn. The antibodies described in [Table 1](#t0001){ref-type="table"} and IgG1 in Table S1 were evaluated with 0, 50, 100, 200, 400, 800, or 1600 nM FcRn, and the antibodies other than IgG1 in Tables S1 and 3 were evaluated with 0, 25, 50, 100, 200, 400, or 800 nM hFcRn. To regenerate the sensor chip, 10 mM glycine-HCl at pH 1.5 was used. All measurements were performed at 25°C. The equilibrium dissociation constant (K~D~ (M)) for FcRn was calculated for each antibody based on the steady-state analysis. The fitting curves for the calculation are shown in Fig. S4. The Biacore T200 Evaluation Software (GE Healthcare) was used to calculate each parameter.

RF binding assay {#s0004-0003}
----------------

RF binding of the test antibodies was detected by ECL immunoassay at pH 7.4. The assays were performed with the serum of 15 individual RA patients (Proteogenex) and 14 healthy volunteers (in-house). Due to the limited amount of serum samples from RA patients, most of the experiments were conducted as N = 1. The test antibodies were labeled with biotin and SULFO-TAG NHS Ester (Meso Scale Discovery), respectively. Next, 50-fold diluted serum samples, 1 μg/mL test antibody labeled with biotin, and labeled with SULFO-TAG NHS Ester were mixed and incubated for 3 hr at room temperature. Then, the mixtures were added to streptavidin-coated MULTI-ARRAY® 96-well plates (Meso Scale Discovery), and the plates were incubated for 2 hr at room temperature and washed. After Read Buffer T (x4) (Meso Scale Discovery) was added to each well, plates were immediately set on the SECTOR imager 2400 Reader (Meso Scale Discovery) and relative light units (RLU) were measured.

Cynomolgus monkey PK study {#s0004-0004}
--------------------------

A single dose of each test antibody was intravenously administered at 2 mg/kg to cynomolgus monkeys (N = 3). Blood samples were collected at 5 min, 4 hr, 1, 2, 3, 7, 10, 14, 21, 28, 35, 42, 49, and 56 d after administration. The collected blood was immediately centrifuged at 4°C and 15,000 rpm for 10 minutes to obtain plasma. The separated plasma was stored in a freezer set to −60°C or below until measurements were taken. Heparin was used as an anticoagulant. The antibody concentration in cynomolgus monkey plasma was measured by an ECL immunoassay. Since several monkeys showed rapid clearance of the test antibody and were suspected of developing ADA, we excluded them from the results; therefore, averages of N = 2 are shown for ACT1, 2, 3, and 5 data. However, variations in the antibody concentration between the 2 animals in each group were small (data not shown). T1/2 was calculated with WinNonlin6.3 (Certara, Princeton, USA).

*In vivo* study in hFcRn transgenic mice steady-state model {#s0004-0005}
-----------------------------------------------------------

An infusion pump (alzet) filled with 92.8 mg/mL hsIL-6R was implanted under the skin on the back of hFcRn-Tgm (B6.mFcRn2/2.hFcRn Tg line 32+/+ mouse, Jackson Laboratories)[@cit0053] to prepare model mice with a constant plasma concentration of hsIL-6R. Monoclonal anti-mouse CD4 antibody GK1.5^54^ was administered by intravenous (i.v.) injection to inhibit the production of mouse antibody against hsIL-6R by depleting CD4+ T-cells. Antibodies against hsIL-6R were administered at 1 mg/kg to hFcRn-Tgm with a single i.v. injection of 1 g/kg of hIgG (Sanglopor®, CSL Behring) to mimic endogenous human IgG. Blood samples were collected at 15 min, 7 hr, 1, 2, 3, 7, 14, 21, and 28 d after administration. The plasma hsIL-6R and antibody concentration were determined as described previously.[@cit0009]
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